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180°	 851	±	10	 17.6	±	0.2	 2.53	±	0.03	 0.81	±	0.03	
135°	 865	±	7*	 17.4	±	0.1*	 2.58	±	0.02*	 0.79	±	0.04*	
90°	 888	±	11*	 16.9	±	0.2*	 2.64	±	0.03*	 0.79	±	0.03	
45°	 903	±	16*	 16.7	±	0.3*	 2.68	±	0.05*	 0.81	±	0.04	
0°	 921	±	15*	 16.3	±	0.3*	 2.72	±	0.04*	 0.83	±	0.04	























































180°	 44.25	±	2.58	 27.69	±	2.47	 1.64	±	0.14	
135°	 46.33	±	2.28*	 30.80	±	1.67*	 1.51	±	0.11*	
90°	 48.86	±	2.46*	 31.74	±	1.98*	 1.56	±	0.14	
45°	 51.27	±	2.62*	 33.34	±	1.73*	 1.56	±	0.13	
0°	 53.79	±	2.60*	 34.14	±	1.72*	 1.59	±	0.14	





















cycling	with	different	cranks	lengths	and	cadences.	Given	that	I	kept	cadence	and	crank	length	constant	in	my	experiment,	it	is	therefore	reasonable	to	expect	only	minimal	change	in	efficiency.	Under	the	conditions	I	studied,	the	subjects’	muscles	were	able	to	operate	at	their	optimal	spots	on	both	the	force-length	curve	for	muscle	(reflected	by	crank	arm	length)	and	force-velocity	curve	for	muscle	(reflected	by	cadence).	The	force-length	curve	explains	physiologically	at	which	sarcomere	length	myofilament	overlap	is	optimized,	i.e.,	the	length	at	which	our	muscles	can	produce	the	most	force.		Further,	the	force-velocity	curve	for	muscle	explains	how	muscle	contraction	speed	affects	power	output	and	efficiency	during	a	fully	activated	concentric	contraction.		One	of	the	physiological	parameters	I	recorded,	the	expiratory	volumetric	flow	rate	(V" E)	(a.k.a.,	“minute	volume”)	yielded	some	confusing	results	(Table	2.).	Compared	to	the	baseline	180°	relative	crank	angle,	V" E	increased	linearly,	by	4%	at	135°	and	by	17%	at	0°.		V" E	is	calculated	as	the	product	of	breathing	frequency	“respiratory	rate”	(RR)	and	tidal	volume	(VT).	The	ANOVA	indicated	that	the	increase	in	V" E	was	due	to	a	significant	increase	in	RR.	To	some	extent,	subjects	were	hyperventilating	when	pedaling	with	relative	crank	angles	other	than	180°	(Figure	4.).	However	when	a	subject	hyperventilates,	the	respiratory	exchange	ratio,	RER	typically	increases.		RER	is	the	ratio	of	V"CO2/	V"O2.	A	greater	RER	either	indicates	that	CO2	is	being	produced	more	rapidly	due	to	greater	carbohydrate	(vs.	fat)	metabolism	or	that	CO2	is	being	exhaled	more	quickly	from	CO2	stores	in	the	blood.		However,	my	data	indicated	a	lower,	not	higher,	RER	for	the	smaller	relative	crank	angle	conditions.		
	 14	
An	alternative	explanation	may	be	related	to	forced	ventilation	associated	with	the	more	synchronous	movements	of	the	legs.	When	subjects	rode	the	ergometer	with	the	cranks	at	180°,	their	legs	were	out-of-phase,	meaning	when	the	right	leg	was	at	the	bottom	of	the	pedal	stroke,	the	left	leg	was	at	its	highest	point.	Since	the	subjects	rode	with	a	flexed	hip	posture,	leaning	forward	while	grasping	the	brake	hoods,	the	legs	may	have	alternately	applied	an	upward	force	on	the	viscera	and	consequently	the	diaphragm	causing	the	lungs	to	exhale.	However,	when	the	legs	were	in-phase	(0°),	the	subject	may	have	had	both	legs	applying	an	upward	force	on	the	diaphragm	likely	causing	the	increase	in	RR	regardless	of	RER.	The	only	contradicting	evidence	against	my	speculative	explanation	however,	is	that	RR	was	not	synchronized	to	cadence	and	I	am	unable	to	explain	this	phenomenon.	According	to	Aaron	et	al.	(1992)	the	greater	V" E	would	be	expected	to	increase	V"O2	by	just	~	0.030	L	O2/min.	However,	I	calculated	a	difference	of	0.19L	O2	between	the	180°	and	0°	conditions	(Table	1.).	That	means	that	15.8%	of	the	greater	V"O2	at	the	relative	crank	angle	of	0°	degrees	could	be	attributed	to	the	greater	V" E.			
Limitations		 For	all	subjects,	non-180	degree	crank	pedaling	was	a	novel	task.	Allowing	the	riders	to	practice	with	different	crank	angles	before	the	testing	began	may	have	decreased	the	observed	differences	in	metabolic	cost	across	the	different	crank	angles.	Another	factor	to	consider	is	that,	in	order	to	eliminate	dead	spots	in	the	pedaling	motion	(at	the	top	and	bottom	of	the	crank	cycle),	I	welded	the	fixed	gear	cog	to	the	flywheel	hub.	This	intentionally	converted	the	bicycle	ergometer	into	a	
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fixed	gear	system	with	no	coasting.	The	new	flywheel	system	eliminated	the	dead	spots	in	the	pedaling	rotation,	making	it	easier	for	the	subjects	to	keep	a	set	cadence.	However,	it	is	unknown	what	effects	if	any,	a	fixed	gear	vs.	freewheeling	ergometer	has	on	cycling	efficiency.	I	am	unaware	of	any	research	relating	the	efficiency	of	fixed	vs.	freewheel	cycling.	Moreover,	it	is	likely,	given	the	dead	spots	in	the	pedal	stroke	when	the	cranks	were	at	positions	other	than	180°,	that	the	power	output	of	the	rider	fluctuated	during	the	pedal	stroke	even	though	the	average	mechanical	power	output	remained	150W.	In	normal	180°	cycling,	the	subjects	pedaling	pattern	produced	a	nearly	constant	150	W	due	to	one	leg	always	applying	a	downward	force	while	the	other	leg	was	recovering.	However,	when	the	crank	angle	was	set	at	0°,	the	subjects	were	only	able	to	apply	a	force	to	the	pedals	from	the	top	of	the	pedal	stroke	to	the	bottom	of	the	stroke	(half	the	cycle).	Moreover,	with	the	implementation	of	a	fixed	gear,	the	flywheel’s	momentum	moved	the	subjects’	legs	from	the	bottom	of	the	cycle	back	to	the	top.	However,	there	is	a	possibility	that	the	crank	angular	velocity	decreased	during	the	entire	second	half	of	the	crank	cycle	causing	a	decrease	in	power	output	and	that	confounded	my	results.	It	might	have	been	useful	to	study	multiple	power	outputs.	However,	due	to	the	severity	of	some	of	the	relative	angles,	my	pilot	data	suggested	that	the	upper	limit	for	which	subjects	could	maintain	a	cadence	of	90RPM	was	150W.			
Future	studies 	 In	the	future,	I	plan	to	investigate	a	variety	of	ideas	stemming	from	this	project.	Recently,	Garmin	®	(Overland	Park,	KS,	USA)	donated	a	pair	of	their	power	measuring	bicycle	pedals	to	the	Locomotion	Lab.	There	is	a	possibility	that	I	will	
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repeat	the	altered	crank	study	with	the	new	power	measuring	pedals	as	well	as	electromyography	(EMG).	The	use	of	both	of	these	pieces	of	equipment	could	lead	to	a	better	understanding	of	how	the	legs	function	throughout	the	pedal	stroke.	The	data	that	I	could	collect	using	the	Garmin	®	pedals	may	help	us	to	understand	how	power	is	distributed	differently	between	the	legs	at	crank	angles	other	than	180°.	EMG	data	could	provide	us	with	a	better	understanding	of	how	the	legs	are	reacting	neurologically	to	the	altered	relative	crank	angles.	Given	a	better	understanding	of	how	muscle	activation	changes	with	alterations	to	the	crank,	I	feel	compelled	to	explore	the	idea	of	using	altered	cranks	in	a	rehabilitation	setting.	Although	my	study	is	the	first	of	its	kind,	i.e	the	metabolic	testing	of	relative	crank	angles,	I	see	the	possibility	of	a	potential	application	in	the	physical	therapy/rehabilitation	sector.	It	is	plausible	that	a	patient	may	require	a	form	of	rehabilitation	that	would	involve	a	cycle	ergometer	with	altered	crank	arms.	Specifically,	I	believe	that	my	research	may	be	able	to	help	the	survivors	of	a	stroke.	Following	a	stroke,	survivors	are	often	left	with	gait	issues.	One	highly	researched	and	proven	method	for	gait	rehabilitation	of	stroke	survivors	involves	split-belt	treadmills	(SBT)	(Reisman	et	al.,	2007)	A	SBT	employs	two	treadmills	side-by-side	with	smaller	belts	than	a	“gym”	treadmill.	A	split-belt	treadmill	allows	each	of	the	subject’s	legs	to	move	independently	of	each	other	and	at	different	speeds.	SBT	rehabilitation	is	thought	to	alter	the	movement	patterns	of	one	leg,	invoking	a	coordinated	response	of	muscle	activity	in	both	legs	(Duysens	et	al.,	1994)	that	also	causes	a	perturbation	in	the	subject’s	gait.	Reisman	et	al.	(2007)	was	able	to	show	that	repeated	bouts	of	walking	on	a	SBT	can	normalize	the	walking	pattern	of	a	
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patient	who	is	only	recently	post-stroke.	However,	SBT	rehabilitation	is	expensive	and	not	widely	available.	Alternatively,	the	use	of	my	modified	bicycle	ergometer	appears	to	be	a	possible	method	of	rehabilitation.	If	the	use	of	an	altered	crank	bicycle	ergometer	can	produce	similar	effects	as	SBT,	the	cycle	ergometer	may	present	a	cheaper	and	more	accessible	form	of	rehabilitation.	Continuing	along	the	lines	of	rehabilitation	and	physical	therapy,	I	believe	there	could	be	an	application	of	non-180	degree	crank	configurations	to	amputee	cyclists.	I	know	that	altering	the	relative	crank	angles	in	intact	humans	increases	metabolic	rate	in	most	subjects	but,	altering	relative	crank	angle	only	caused	a	small	increase	in	metabolic	cost.	However,	what	I	do	not	know	is	how	alterations	to	the	cranks	would	affect	cyclists	with	leg	amputations.	There	could	be	a	situation	in	which	someone	with	a	leg	amputation	is	not	fully	activating	their	remaining	leg	muscles	when	riding	at	180°,	and	that	moving	the	crank	by	some	extent	could	improve	muscle	activation	and	intern	increase	efficiency.		Finally,	my	research	has	shown	there	is	a	need	to	understand	differences	in	fixed	vs.	freewheel	cycling	and	I	would	like	to	investigate	if	one	is	more	efficient	than	the	other.		In	conclusion,	my	thesis	research	has	shown	that,	despite	radically	changing	the	relative	crank	angle,	metabolic	power	increased	by	only	~8%,	i.e.	efficiency	was	nearly	invariant.	I	would	argue	that	attempts	to	substantially	improve	cycling	efficiency	using	modifications	to	pedaling	mechanics	are	likely	futile.			 				
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